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Rohon-Beard mechanosensory neurons (RBs), neural crest cells, and neurogenic placodes arise at the border of the neural- and non-neural
ectoderm during anamniote vertebrate development. Neural crest cells require BMP expressing non-neural ectoderm for their induction. To
determine if epidermal ectoderm-derived BMP signaling is also involved in the induction of RB sensory neurons, the medial region of the neural
plate from donor Xenopus laevis embryos was transplanted into the non-neural ventral ectoderm of host embryos at the same developmental stage.
The neural plate border and RBs were induced at the transplant sites, as shown by expression of Xblimp1, and XHox11L2 and XN-tubulin,
respectively. Transplantation studies between pigmented donors and albino hosts showed that neurons are induced both in donor neural and host
epidermal tissue. Because an intermediate level of BMP4 signaling is required to induce neural plate border fates, we directly tested BMP4′s
ability to induce RBs; beads soaked in either 1 or 10 ng/ml were able to induce RBs in cultured neural plate tissue. Conversely, RBs fail to form
when neural plate tissue from embryos with decreased BMP activity, either from injection of noggin or a dominant negative BMP receptor, was
transplanted into the non-neural ectoderm of un-manipulated hosts. We conclude that contact between neural and non-neural ectoderm is capable
of inducing RBs, that BMP4 can induce RB markers, and that BMP activity is required for induction of ectopic RB sensory neurons.
© 2007 Elsevier Inc. All rights reserved.Keywords: Rohon-Beard sensory neurons; BMP4Introduction
Several cell populations arise at the border of the neural
plate, the junction between neural and non-neural ectoderm,
during development of the nervous system. These include
neural crest cells, neurogenic placodes, and Rohon-Beard (RB)
sensory neurons (Meulemans and Bronner-Fraser, 2004).
Neural crest cells (NCCs) comprise a population of embryonic
cells that migrates away from the neural tube and differentiates
into most of the neurons and all of the glia in the peripheral
nervous system, as well as many other cell types (Le Douarin,
1982). The remainder of the peripheral nervous system arises⁎ Corresponding author. Fax: +1 303 724 4580.
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doi:10.1016/j.ydbio.2007.11.036from neurogenic placodes, which form the neurons of the
cranial ganglia (reviewed in Schlosser, 2005, 2006). RB sensory
neurons, in contrast, do not migrate away from the neural tube
upon its closure but instead remain within the central nervous
system and eventually comprise bilateral stripes in the
developing dorsal spinal cord (Roberts, 2000). These primary
neurons function to transduce mechanosensory information in
anamniote larvae, thus facilitating their escape response when
touched on the trunk. Morphologically, RBs have large-
diameter cell bodies and project neurites peripherally to the
skin and rostrally to the hindbrain along the dorsal lateral
fasciculus (Roberts, 2000). RBs undergo programmed cell
death as the secondary nervous system develops (Lamborghini,
1987), at which time the dorsal root ganglia have assumed the
function of processing mechanosensory input. Electrical
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but formation of the dorsal root ganglia is not required for cell
death to occur (Reyes et al., 2004). Although much is known
regarding the anatomy and function of these cells, relatively
little is known about their initial induction.
That RB sensory neurons form at the border between neural
and non-neural ectoderm suggests the interactions between
these two tissues may provide important cues for RB
development. A similar tissue interaction has previously been
shown to induce NCCs in several species; transplantation
studies which created ectopic boundaries between neural plate
and non-neural ectoderm showed NCC induction in axolotl
(Moury and Jacobson, 1990), Xenopus laevis (Mancilla and
Mayor, 1996; Woda et al., 2003), and chick (Selleck and
Bronner-Fraser, 2000; Selleck et al., 1998). Neurogenic
placodes are also induced at ectopic neural and non-neural
ectoderm borders in X. laevis (Woda et al., 2003; Glavic et al.,
2004; Ahrens and Schlosser 2005; Litsiou et al., 2005).
Although RBs are not known to exist in chick, interactions
between chick neural plate and non-neural ectoderm can induce
the dorsal neural tube markers Wnt-1 and Wnt-3a (Dickinson et
al., 1995). In addition, the genetic mechanisms of RB neuron
induction may also be similar to that of NCCs. An analysis of
zebrafish mutants, such as deltaA and prdm1 (Cornell and
Eisen, 2000; Hernandez-Lagunas et al., 2005), suggests a
genetic link between neural crest and RB sensory neurons.
Zebrafish lacking functional prdm1 lack RB sensory neurons
and have reduced NCCs and NCC derivatives. Cell fate
mapping in the neural plate border domain suggests that
NCCs and RB sensory neurons can, but are not required to, arise
from a common progenitor (Cornell and Eisen, 2002), and
confirms that RBs and NCCs do indeed arise from the same
neural plate border region.
Because ectopic NCCs form at newly created boundaries
between neural and non-neural ectoderm, signals from these
two tissues are implicated in the induction of NCCs. BMPs,
molecules that act in a concentration-dependent manner at the
time when the neural plate border is forming, have been
extensively studied with respect to their ability to induce NCCs.
BMPs are members of the TGFβ superfamily of secreted
signaling molecules; they perform different roles at different
stages of development (reviewed in Yamamoto and Oelges-
chlager, 2004). During gastrula stages, when NCC progenitors
lie at the neural plate border, a gradient of BMP activity is
established in the ectoderm, in part, by the secretion of
diffusible BMP antagonists by the dorsal mesoderm. The end
result is that BMP activity is low in prospective neural tissue,
high in the non-neural ectoderm, and intermediate in the area of
prospective NCCs and RB sensory neurons. BMP4 has been
shown to induce NCCs in naïve chick neuroepithelium in vitro
(Garcia-Castro, 2002). Further, NCCs are known to be induced
at a certain threshold of BMP activity in Xenopus (Marchant et
al., 1998; Tribulo et al., 2003) and zebrafish (Neave et al., 1997;
Nguyen et al., 1998).
Because both RB sensory neurons and NCCs form at the
same point along the BMP activity gradient, namely at the
neural plate border, BMPs are likely to play a role in RBinduction as well. Analysis of three zebrafish mutants with
defects in BMP signaling demonstrates that the BMP gradient is
critical in RB neuron and neural crest development in this
species (Nguyen et al., 1998; Nguyen et al., 2000): in swr
(bmp2b), sbn(smad5), and snh(bmp7) mutants, RB sensory
neurons are either reduced in number or completely absent.
These authors concluded that intermediate levels of BMPs are
required for proper development of RB sensory neurons in
zebrafish. Liem et al. (1995) showed that recombinant BMP4
can mimic the dorsalizing activity of the non-neural ectoderm in
the chick. We have investigated the effect of BMP4 in induction
of RBs in X. laevis, a species that develops RB sensory neurons,
by asking whether exogenous BMP4 protein can induce RB
sensory neurons in neural plate tissue that, in the intact embryo,
encounters a relatively high concentration of BMP antagonists
and does not normally form RBs.
To test whether the interaction between neural plate tissue
and non-neural ectoderm is sufficient to induce RB sensory
neurons, we transplanted tissue from the medial region of the
neural plate into non-neural ectoderm in Xenopus laevis
embryos. We found that RB sensory neurons are induced at
ectopic neural plate/non-neural ectoderm boundaries, and the
induction occurs by first inducing a neural plate border as
observed by the expression of Xblimp1 (prdm1). We further
tested a possible inducer molecule, BMP4, for its ability to
cause formation of RB sensory neurons. When medial neural
plate tissue was incubated in the presence of a bead containing 1
or 10 ng/ml BMP4 protein, we found that RB sensory neurons
were induced. When BMP activity was inhibited in donor tissue
by injection of the BMP antagonist Noggin or a dominant
negative BMP receptor, RB sensory neurons failed to form at




Adults were maintained in a drip-through system according to standard
protocols (Sive and Harland, 2000). Eggs were obtained from adult female frogs
after injection of 0.9 ml human chorionic gonadotropin, and were subsequently
fertilized with sperm from surgically removed testes of adult males. Embryos
were dejellied in 2% cysteine according to standard procedures (Sive and
Harland, 2000), incubated at 14–16 °C, and staged according to the table
provided by Nieuwkoop and Faber (1994).
Transplants and explants
Tissue manipulation was performed using either Tungsten needles or
eyebrow knives, and culture media and fixation protocols followed the
procedures described in Sive and Harland, 2000. Briefly, transplant experi-
ments occurred in and embryos were subsequently grown in 0.1× MMR, while
for the explant experiments tissue was cut in 1× MBS and was subsequently
incubated in 0.5× MBS. All manipulated embryos and explanted tissue were
grown at 14–16 °C and fixed in MEMFA for 90 min (explants) or overnight
(transplants) at the appropriate stage.
For transplant experiments, tissue was removed from the medial region of
the neural plate excluding the border regions where neural tissue contacts non-
neural ectoderm (subsequently referred to as intermediate neural plate) of stage
11.5–12 X. laevis embryos and was transplanted into a hole cut into the non-
neural ectoderm in the ventral region of a host embryo. As a control, ventral
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embryos. For the explant experiments, intermediate neural plate tissue or tissue
from the border of neural plate and non-neural ectoderm (subsequently referred
to as lateral neural plate) was removed from stage 11.5–12 X. laevis embryos.
Ventral epidermal explants were also taken at the same stage as a control for the
epidermal keratin probe. Due to the close association of ectoderm and mesoderm
at this stage, we cannot be sure that all explanted tissue was free of the subjacent
mesoderm.
mRNA injections
400 pg pCS2-XNoggin mRNA (kind gift from R. Harland) or 1 ng DN-
BMPR, or ALKrTDN/PCS2+ (kind gift from M. Mullins) was injected, along
with tetramethyl rhodamine dextran (diluted 1:5 from a stock dilution of 10% in
0.2 M KCl; Molecular Probes, Eugene, OR), for visualization of injection at the
one- to two-cell stage and embryos were grown until the appropriate stage.
Bead implantation
Heparin acrylic beads (Sigma, #H-5263) at 16–30 μm were washed 3×5′ in
1× PBS, then coated with recombinant human BMP4 protein by incubating in 1
or 10 ng/ml hBMP4 for at least 30 min as described in Reifers et al., 2000, with
the exception of the ethanol step. Control beads were similarly washed in 1×
PBS, and then incubated for 30 min in 0.5× MBS. Beads were placed in direct
contact with the explanted tissue and held in place with clay bridges. In some
cases, the bead was still adjacent to the explant at the time of fixation but was not
attached to the explant sufficiently to remain attached throughout processing.
Explants were scored if they had a bead attached or a bead impression present.
In situ hybridization
Digoxygenin-labeled antisense RNA probes against XHox11L2 (kind gift
from P. Krieg), Xblimp1 (prdm1, kind gift from C. Niehrs), neural-specific
tubulin (XN-tubulin; Richter et al.,1988), and epidermal keratin (XK81, kind gift
from T. Sargent) were prepared and in situ hybridization was performed
following standard protocols (Sive and Harland, 2000). Tissue was incubated
with 1 μg/ml probe overnight at 60 °C. Some transplant embryos in which the
host embryos were pigmented rather than albino were bleached for 1 h to lighten
pigmentation and allow the signal to be more readily visible.
Cryosectioning
The region of the embryo containing the transplanted tissue was excised
with a Tungsten needle, and tissue was cryoprotected in a series of 10% and 20%Fig. 1. Competence of neural plate border ectoderm to form RB sensory neurons. (A)
neural plate shaded in yellow, showing the region from which intermediate (“I”) and la
tissues. (B, C) Intermediate (“Inp”) and lateral (“Lnp”) neural plate explants were take
embryos reached stages 24–25. Intermediate neural plate explants stained negative f
(C). (A) Modified from Nieuwkoop and Faber (1994).sucrose, then infiltrated with OCT embedding medium for 10 min, and
transferred to fresh OCT for embedding. Tissue was then frozen to −80 °C, later
sectioned at −17 to −16 °C, and collected on gelatin-coated slides, following the
methods from Barlow and Northcutt 1995. Hoescht staining consisted of rinsing
slides in 1× PBS to remove the OCT, immersing slides in 2 μg/ml Hoescht for
1 min, and rinsing well before coverslipping.
Results
Rohon-Beard sensory neurons develop at the neural plate
border
To determine the competence of neural plate and neural plate
border tissue to form RB sensory neurons, we used an explant
assay where presumptive neural plate or neural plate border
tissue was explanted and grown in vitro. Previous studies show
that excised Xenopus neural plate border ectoderm grown in
culture later expresses the NCC marker Xslug only when taken
from embryos older than stage 11 and younger than stage 13
(Mancilla and Mayor, 1996). We postulated that the same tissue
removed from stage 11.5–12 embryos would later express a
marker of RB neurons if cultured in a neutral environment until
the appropriate stage. We removed tissue from the neural plate
border by excising an approximately square portion of tissue
that comprised both neural plate tissue and the adjacent non-
neural ectoderm in open neural plate stage embryos (stage 11.5–
12) and grew the explants in a neutral environment of 0.1×
MMR until stages 23–25, when RB sensory neurons are easily
detected in whole embryos by in situ hybridization with the
XHox11L2 probe (Patterson and Krieg, 1999). In stage 20–24
Xenopus embryos, this gene marks cells of the trigeminal
ganglia anteriorly and RB sensory neurons in the spinal cord.
These lateral neural plate explants stained positive for
XHox11L2 expression (80%, n=41; Fig. 1C; see Table 1 for
quantification of explant data). Conversely, tissue explanted
from the medial region of the neural plate (subsequently
referred to as intermediate neural plate) and grown in identical
conditions rarely stained positive for XHox11L2 (8%, n=52;
Fig. 1B). Similar results were found when we used XN-tubulin,Schematic diagram of stage 11.5 Xenopus laevis embryo, vegetal view with the
teral (“L”) neural plate explants were taken to determine the competence of these
n from stage 11.5–12 embryos and allowed to develop until stage-matched intact
or XHox11L2 expression (B), while lateral neural plate explants stained positive
Table 1
Explant experiments
INP alone LNP alone INP with 0.5× MBS bead INP with 1 ng/ml BMP4 bead INP with 10 ng/ml BMP4 bead
XHox11L2 4/52 (8%) 33/41 (80%) 0/6 (0%) 11/18 (61%) 5/7 (71%)
XN-tubulin a 5/21 (24%) 10/17 (59%) 1/4 (25%) 5/7 (71%) 17/21 (81%)
XSox2 ND ND ND 5/5 (100%) 6/6 (100%)
XKeratin ND ND ND 1/20 (5%) 0/5 b (0%)
a Because XN-tubulin expression is observed in other neurons at these stages, a positive neuron was scored only if it was juxtaposed with the bead.
b While no tissue conversion from neural to epidermal was observed in these explants, some scattered superficial staining occurred.
INP=intermediate neural plate; LNP=lateral neural plate; ND=not done.
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medial and intermediate region of the neural plate gives rise
only to motor and interneurons. This confirms that RB sensory
neurons form in neural plate border tissue and not in the medial
region of the neural plate, the latter of which will become the
ventral and intermediate spinal cord upon closure of the neural
tube. These data, in combination with previous studies
(Mancilla and Mayor, 1996) and our data (not shown) that
find that the same explanted tissue also later expresses markers
for neural crest cells, confirm that RBs and NCCs arise from the
same region of tissue that spans the border of the neural plate in
Xenopus.
Induction of Rohon-Beard sensory neurons by interactions
between neural and non-neural ectoderm
In order to examine whether contact between neural and
non-neural ectoderm is capable of inducing RB sensory
neurons in neural tissue, we transplanted intermediate neural
plate tissue that normally does not form RB sensory neurons
into the ventral non-neural region of host embryos (Fig. 2A).
This juxtaposition of tissues creates ectopic boundaries
between neural and non-neural ectoderm in the ventral or
ventrolateral region of the embryo. We found that XHox11L2-
positive cells form at the border of the transplanted tissue
(41%, n=100; Figs. 2B, C; see Table 2 for quantification of
transplant data), indicating the presence of differentiated RB
sensory neurons at these sites. These induced cells were readily
identified by their shared morphology with XHox11L2-positive
cells in the spinal cord. We also observed Xslug positive
expression (31%, n=58) at the border as shown in previous
studies (Mayor et al., 1995), confirming that neural crest cells
are also induced in this assay (Table 2). Conversely,
XHox11L2 was never seen at the transplant border when
ventral non-neural ectoderm was transplanted into the ventral
non-neural ectoderm region as a control (0%, n=5, not
shown). As an additional marker, we stained some embryos
with XN-tubulin, which identifies differentiated neurons in-Fig. 2. Contact between neural plate and non-neural ectoderm induces RB sensory n
tissue was transplanted into the ventral or ventrolateral non-neural ectoderm of same-
described in Fig. 1; modified from Nieuwkoop and Faber, 1994). (B–I) In situ hybr
neural ectoderm, lateral views, anterior to the left at 3.2× (B, D, F, H) or 6.6× (C, E, G
top). (B, C) Several XHox11L2-positive RB sensory neurons were found surrounding
morphologically similar to the staining of endogenous RBs. (D, E) XN-tubulin-pos
expression in the transplanted region indicating grafted tissue maintains its neural ide
neural plate border (arrowhead) and at the site of the transplant (arrow). NP=neuracluding RB sensory neurons and cells of the trigeminal ganglia
at the stages we examined. Later in development, XN-tubulin
is expressed at high levels in other placodes in addition to the
trigeminal ganglion. To ensure that any additional neural cell
type that may have differentiated was not inadvertently
counted, only XN-tubulin positive cells located at the border
of the transplanted tissue were counted. In 18/38 (47%) of
embryos, XN-tubulin appeared at the border of the donor
neural and host non-neural tissue (Figs. 2D, E). To confirm
that the transplanted intermediate neural plate tissue main-
tained its neural identity, we stained several embryos for the
neural-specific marker XSox2 (Kishi et al., 2000). XSox2
expression was observed in the grafted neural tissue (94%,
n=32; Figs. 2F, G). Our results indicate that contact between
neural tissue and non-neural ectoderm is capable of inducing
formation of RB sensory neurons, as assayed by XHox11L2
and XN-tubulin expression, and may be the mechanism by
which these cells are typically induced. The induction of
expression of these genes at ectopically created boundaries
between neural and non-neural ectoderm indicates that one or
both tissues retain the competence to form RB sensory neurons
at the stages investigated.
We asked whether Xblimp1 (prdm1), a marker of the neural
plate border in X. laevis (de Souza et al., 1999) that is essential
for both RB and neural crest cell development in zebrafish
(Artinger et al., 1999; Hernandez-Lagunas et al., 2005; Roy and
Ng, 2004), was induced at ectopic borders before the stage at
which differentiated sensory neurons could be detected.
Xblimp1 was expressed at the region spanning the border of
the neural plate and non-neural ectoderm in the Xenopus
neurula (arrowhead in Fig. 2H). In addition, Xblimp1 was
strongly expressed at the site where transplanted neural plate
tissue (which, unlike epidermis, is white even in pigmented
embryos at neurula stages) made contact with epidermal
ectoderm (Stage 14, 64%, n=44; Figs. 2H, I). This suggests
that the induction of RB sensory neurons occurs via a similar
mechanism to endogenous RB sensory neurons by first
inducing a neural plate border.eurons. (A) Schematic of transplantation experiment. Intermediate neural plate
stage embryos and allowed to develop until stages 14–28 (schematic of embryo
idization of embryos after transplantation of intermediate neural plate into non-
, I). Endogenous gene expression is observed in all embryos dorsally (toward the
the transplant site in a stage 26 embryo (arrows). The staining in these cells looks
itive cells in a stage 27–28 embryo surround transplanted tissue. (F, G) XSox2
ntity. (H, I) Xblimp1 positive cells were observed both at the region spanning the
l plate; Epi=epidermal ectoderm.
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Table 2
Transplantation analysis
Uninjected neural plate into
uninjected epidermis
400 pg Noggin-injected neural
plate into uninjected epidermis
1–1.2 ng DN-BMPR-injected neural
plate into uninjected epidermis
XHox11L2 41/100 (41%) 0/32 (0%) 2/13 (15%)
XN-tubulin a 18/38 (47%) 1/13 (8%) ND
Xslug 18/58 (31%) ND ND
XSox2 30/32 (94%) ND ND
Xblimp1 28/44 (64%) ND ND
a Because XN-tubulin expression is observed in other neurons at these stages, a positive neuron was scored only if it was juxtaposed with the transplanted tissue;
ND=not done.
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and host epidermal tissue when ectopic neural plate borders
are created
To determine whether induction of XHox11L2 occurs in
donor neural or host epidermal tissue, we labeled donor embryos
with a tracer dye, lysinated rhodamine dextran (LRD), so that
XHox11L2 expression could be compared to the location of
donor and host tissue. Because XHox11L2 also stains trigeminal
neurons in the anterior region, care was taken in all transplanta-
tion experiments to remove tissue from the medial or posterior
region of the neural plate and was then grafted posteriorly. The
use of posterior host ectoderm, in addition to the significant
percentage of neurons that are induced in the donor neural tissue,
confirms that the induced neurons are RB sensory neurons. The
results of these experiments suggested that induction of
XHox11L2 occurred at the junction of the two tissues and in
both donor or host tissues (Figs. 3A–C). We sectioned
representative embryos in an attempt to determine at the cellular
level which tissue stained positive for RB markers, but the data
from these experiments were inconclusive because the in situ
hybridization color reaction obstructed the LRD fluorescence.
To resolve this question, we repeated the transplant experiments
using pigmented and albino X. laevis embryos. With this type of
transplant, donor (pigmented) tissue can readily be distinguished
from host (unpigmented) tissue (Barlow and Northcutt 1995).
After in situ hybridization with XHox11L2, embryos were
examined in whole mount and in cryosection. In whole mount it
appeared that the cells ectopically expressing XHox11L2 were
within the boundaries of the graft (Fig. 3D). Cryosectioning of
the tissue followed by Hoescht staining to visualize the nuclei
revealed the location of XHox11L2 within the characteristically
large X. laevis embryonic cells. XHox11L2 positive cells were
found in both donor neural tissue (42%, n=36, Figs. 3F–Fʺ), as
determined by the presence of pigment granules, as well as in
host epidermal tissue (58%, Figs. 3G–Gʺ). The ectopic
XHox11L2 was always found either in the pigment positive
transplanted tissue or in the tissue lying adjacent to the
transplant. These results suggest that RB sensory neurons are
induced at the neural/epidermal border in both donor and host
tissues. Consistent with previous findings (Mancilla and Mayor,
1996;Woda et al., 2003), pigmented cells were sometimes found
far from the site of the transplant, indicating that, in addition to
RB induction, neural crest induction had occurred and at least
some of these cells had begun migrating.BMP4 protein can substitute for the non-neural ectoderm and
induce Rohon-Beard Sensory neurons
Because little is known regarding the inductive mechanisms
responsible for RB development, we further explored a possible
factor that could contribute to the development of these cell types.
BMP4 emerged as a strong candidate for several reasons.
Embryos with mutations in BMP pathway components consis-
tently display a reduction or lack of RB sensory neurons in
zebrafish (Nguyen et al., 2000). Further, BMP4 has dorsalizing
activity in embryonic chick neural tissue (Liem et al., 1995),
suggesting it may influence development of the dorsally located
RB sensory neurons in other species. Finally, in Xenopus, NCCs
are induced at an intermediate level of BMP activity established
by the secretion of BMP antagonists by mesodermal tissues
underlying the neural plate (Marchant et al., 1998). RB sensory
neurons form at the same location within the embryo, and thus,
encounter the same or similar levels of BMP activity.
To test the ability of BMP4 to induce RB sensory neurons in
intermediate neural plate tissue, we incubated explanted inter-
mediate (non-RB forming) neural plate tissue with heparin beads
soaked in recombinant hBMP4 protein. Explants were analyzed
between stages 23 and 28. In dissociated animal cap assays,
0–3 ng/ml BMP4 strongly induced neural markers while 3–
100 ng/mlBMP4 induced non-neural keratin (Wilson et al., 1997).
Because RB sensory neurons form at the physical boundary
between neural and non-neural ectoderm,we chose concentrations
that spanned the intersection between these two ranges, 1 ng/ml
and 10 ng/ml hBMP4. Control beads soaked in incubation media
alone did not induce the appearance of RB sensory neurons in
intermediate neural plate tissue (Fig. 4A, 0/6 stained positive for
XHox11L2) and 1/4 stained positive for XN-tubulin. Beads soaked
in either 1 or 10 ng/ml BMP4 induced RB sensory neurons in
intermediate neural plate explants based onXHox11L2 staining. In
11 out of 18 (61%) explants exposed to 1 ng/ml BMP4 and in 5/7
(71%) explants exposed to 10 ng/ml BMP4, RB sensory neurons
formed as evidenced by positive staining with the XHox11L2
probe (arrows in Fig. 4B). Similar results were obtained with XN-
tubulin, a marker of differentiated neurons [5/7, or 71% of
explants exposed to 1 ng/ml (Fig. 4C arrows; bead indicated by
impression drawnwithwhite circle) and 17/21, or 81%of explants
exposed to 10 ng/ml stained positive]. To confirm that the neural
plate explant maintains its neural identity, we looked at the ex-
pression of XSox2 in the bead assay. In all cases (n=5 for 1 ng/ml
and n=6 for 10 ng/ml), XSox2 was observed in contact with the
Fig. 3. RB sensory neurons are induced in both donor neural and host epidermal tissue. (A–C) The location of ectopic XHox11L2 expression (A, B) compared to the
location of lysinated rhodamine dextran (LRD, C) labeling donor neural plate tissue reveals that RB induction occurs at the border of the transplanted tissue. In
embryos with pigmented neural plate tissue transplanted into the ventral ectoderm of an albino host, XHox11L2 appears within the region of the graft as seen in whole
mount (D, 3.2×). (E–Gʺ) Sections of this tissue reveal the tissue contributions to ectopic XHox11L2-expressing cells. (E) Endogenous XHox11L2 stains cells in the
dorsal neural tube bilaterally, shown at 40×. (F–Fʺ) Some ectopic XHox11L2 expression (arrow, F and Fʺ) was found in donor cells that contained pigment granules
(arrowhead, F). Host tissue lacking pigment granules also expressed ectopic XHox11L2 (G–Gʺ). Blue Hoescht staining reveals the nucleus of each cell in the field in
the sectioned tissue (F′–Fʺ, G′–Gʺ).
357C.C. Rossi et al. / Developmental Biology 314 (2008) 351–361bead, suggesting that the induction of RB sensory neurons via
BMP4 is direct (Fig. 4D, arrow). We also assayed for induction of
XK81, amarker of epidermal keratin, to determinewhether BMP4
protein converts a ring around the bead into non-neural ectoderm.
Beads containing 1 ng/ml BMP4 protein did not induce epidermal
tissue in the neural plate explants (Fig. 4F). Rarely, a few scattered
cells stained positive for epidermal keratin at this dose (5%,
n=20), but no continuous epidermal cells were observed in any
explants. Beads containing 10 ng/ml BMP4 protein also did not
induce XKeratin expression similar to the tissue staining observed
in the control epidermal explants (0%, n=5), but some scattered
superficial stainingwith the XKeratin probe was observed in these
explants. These data suggest BMP4 is sufficient to induce ectopicRB sensory neurons, and that similar to neural crest cell induction,
RB inductionmay result when a threshold level of BMP activity is
reached within the embryo. This is consistent with findings in
zebrafish in which implantation of a BMP4-soaked bead into
dlx3b/dlx4b morphant embryos, which do not form RB sensory
neurons, induced RBs to form at a distance from the site of the
bead (Kaji and Artinger, unpublished).
BMP signaling is required for RB induction at ectopic neural
plate/epidermal boundaries
BMP4 can induce the appearance of RB sensory neurons in
intermediate neural pate tissue. To test whether BMP activity is
Fig. 4. BMP4 can induce intermediate neural plate tissue to form RB sensory
neurons. In situ hybridization of intermediate neural plate explants (A–D, F) or
epidermal ectoderm (E) isolated at stages 11.5–12 and subsequently incubated
with a heparin bead with or without hBMP4 (A–D, F) until stage-matched
controls reached stages 24–25. (A) Intermediate explants incubated with a 0.5×
MBS-soaked bead never expressed the RB marker XHox11L2. Intermediate
explants incubated with 1 ng/ml BMP4 stained positive for XHox11L2 (arrows
in panel B) and XN-tubulin (arrows in panel C; white circle indicates position of
the bead observed as an impression since the bead was displaced during
processing). (D) Expression of XSox2 in explants incubated with 1 ng/ml BMP4
beads suggests that neural tissue is maintained in the area around the beads. (E)
Epidermal explants stained positive for XKeratin, while neural plate explants
incubated with 1 ng/ml BMP4 did not (F).
Fig. 5. BMP signaling is required for RB induction at transplantation
boundaries. Non-injected host embryos that received a noggin or DN-BMPR
mRNA-injected intermediate neural plate transplant did not form ectopic RB
sensory neurons. 400 pg of Noggin or 1–1.2 ng DN-BMP4 mRNAwas injected
into the donor embryo at the one- to two-cell stage and allowed to develop until
stages 11.5–12. Intermediate neural plates were then transplanted into un-
injected host embryos. (A) Noggin injected donor neural tissue transplanted into
uninjected host. Endogenous XHox11L2 staining is evident in both in the
trigeminal ganglion (tg) anteriorly and in the spinal cord dorsally (arrow), while
a lack of staining around the transplant border is apparent in the higher
magnification shown in inset, indicating that BMP signaling is required for RB
neuron induction. (B, C) DN-BMPR injected donor transplanted into uninjected
host embryos. (B) Example of embryo where BMP knockdown was complete
and no RB sensory neurons are induced at the new neural plate border. (C)
Similar embryo as in B, however, XHox11L2 cells were observed in a small
number of embryos, more toward the center of the graft, suggesting that BMP
signaling is required cell autonomously to induce RB sensory neurons.
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BMP antagonist Noggin into donor embryos and transplanted
intermediate neural plate tissue from these donors into ventral or
ventrolateral ectoderm of uninjected hosts. Noggin, along with
other BMP antagonists, is secreted from the organizer and plays
a role in the formation of the BMP gradient in gastrula and
neurula stage embryos. Consistent with previous reports, the
noggin-injected embryos displayed a dorsalized phenotype.We injected 400 pg of noggin mRNA, a dose that produced a
moderate phenotype in which the embryo was decidedly
dorsalized but not so much that development of a double axis
occurred, together with lysinated rhodamine dextran. We found
that formation of RB sensory neurons at the site of transplanta-
tion was blocked by noggin injection into donor neural tissue. 0/
32 embryos stained positive for XHox11L2 (Fig. 5A; black
square indicates region of transplanted tissue shown at higher
magnification in inset), and 1/13 (8%) embryos stained positive
for XN-tubulin at the transplantation border. RB sensory neurons
were not induced further from the site of the transplant, either in
the donor neuronal or host non-neural tissue. BMP activity is
therefore required for induction of RB sensory neurons at
ectopic boundaries between neural and non-neural ectoderm.
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tissue to the host, we tested the role of BMP to induce RB
sensory neurons in a cell autonomous manner by inhibiting
BMP4 signaling using a non-diffusible dominant negative BMP
receptor (DN-BMPR). Injection of 1 ng of DN-BMPR resulted
in a very mild dorsalized phenotype. Consistent with the noggin
injections, in 85% of embryos we observed no induction of RB
sensory neurons via XHox11L2 (n=13, Fig. 5B). We did see
some XHox11L2 positive neurons in the donor neural tissue
(Fig. 5C), presumably due to the incompleteness of BMP
inhibition. This further supports the hypothesis that a threshold
level of BMP signaling is required for RB sensory neuron
induction, and that the nature of the signal acts cell
autonomously to convert the donor neural tissue to more
medial and intermediate neural tissue that is not competent to
form RB sensory neurons.
We show here that interaction between neural and non-neural
ectoderm can induce formation of RB sensory neurons in a
region of the embryo that would not normally form RBs.
Further, the addition of BMP4 to neural tissue that does not
normally form RB sensory neurons results in ectopic formation
of these neurons, suggesting that this factor plays an important
role in RB development. Finally, BMP activity is required at the
site of transplantation in order for RB induction to occur. These
studies provide significant insight into the development of RB
sensory neurons and further contribute to the list of similarities
between RB sensory neurons and neural crest cells.
Discussion
Since both RBs and NCCs normally form at the border
between neural and non-neural ectoderm, and NCCs have been
previously shown to form at ectopic neural plate borders, we
asked whether RB neurons are similarly induced at newly
created neural plate borders. Our results indicate that contact of
neural ectoderm with non-neural ectoderm is capable of
inducing RB sensory neurons, suggesting that the location at
which RBs and NCCs form in normally developing embryos is
not arbitrary. At least two possibilities exist to explain the
significance of the neural plate border in RB neuron induction:
the interaction between neural and non-neural ectoderm may be
a key step in forming RB sensory neurons, or the neural plate
border may be the location at which a certain set of
environmental conditions combine to allow formation of these
cell types, and that experimentally recreating neural plate
borders recapitulates these environmental conditions.
Therefore, it may be that neural/non-neural tissue interaction
is the mechanism responsible for RB induction in normally
developing embryos, or that another mechanism induces RB
sensory neurons in vivo, but that Xenopus ectoderm retains the
competence to form these cell types at the stages we examined.
While an abundance of data suggests that a neural/non-neural
ectoderm interaction is responsible for neural crest cell
induction in several species, recent work in chick indicates
that neural crest cells are in fact specified prior to development
of neural tissue, suggesting that although the interaction can
induce crest cells, this is not the mechanism that occurs innormally developing embryos (Basch et al., 2006). In the chick
study, tissue was explanted from regions in the embryo prior to
induction of neural tissue or mesoderm and grown in a neutral
environment. One particular region developed neural crest cells
in culture. As yet, it is unknown whether this mechanism is
conserved among other species, or whether other neural plate
border cell types are similarly pre-specified. We and others
showed that in Xenopus, tissue explanted from the lateral neural
plate at neurula stages can form RBs and NCCs in a neutral
culture media (current study and Mancilla and Mayor, 1996). It
is possible that tissue similarly excised from younger embryos
(i.e., before formation of the neural plate) grown in a neutral
environment could also give rise to RBs and NCCs.
We found that XHox11L2 expression was induced in both
donor neural and host epidermal tissue. This suggests that both
neural and non-neural ectoderm are competent to form RB
sensory neurons at open neural plate stages. This finding is
similar to previous findings that neural and epidermal ectoderm
both contribute to neural crest cells in Xenopus (Mancilla and
Mayor, 1996), axolotl (Moury and Jacobson, 1990), and chick
(Selleck and Bronner-Fraser, 1995), implying that neural plate
border derived cells form from a heterogeneous population of
cells at the border region.
Our results also show that in vitro BMP4 can induce RB
sensory neurons in intermediate neural plate tissue that would
not normally form RBs. This evidence supports the idea that
diffusible BMP antagonists from the dorsal mesoderm may
create an activity gradient that, at a certain threshold of activity
that occurs at the neural plate border, induces RB sensory
neurons. If the activity level of BMP4 is the primary mechanism
of RB induction, interaction between non-neural and neural
ectoderm, although sufficient to induce RB sensory neurons,
would not be necessary for their formation. The recapitulation
of the correct level of BMP4 activity should be sufficient for
these neurons to develop in the absence of the two tissues
coming together. Indeed, BMP4 protein alone is capable of
inducing RB sensory neurons in neural plate explants, which
may suggest that it is not the interaction of the two tissues per se
that is responsible for RB sensory neuron induction, but rather,
the conditions cells encounter in this region of the embryo.
We show here that exogenous BMP4 can induce RB sensory
neurons in competent neural tissue in the absence of additional
signals. This is in contrast to the neural crest cell-inducing
ability of BMP4 in chick, which only occurred in the presence
of conditioned media (Garcia-Castro, 2002).
It remains to be determined whether other candidate
signaling molecules can similarly induce RB sensory neurons
in Xenopus. The Wnt family has been shown to induce neural
crest cells (Garcia-Castro, 2002; Lewis et al., 2004), and XWnt-
8, in particular, may prove important based on evidence that
injection of a dominant negative form of this molecule into
Xenopus embryos blocks development of RB sensory neurons
(Bang et al., 1999).
We have used Noggin and a dominant negative BMP
receptor to block BMP signaling in the whole embryo. In animal
cap experiments in Xenopus, Noggin can induce XN-tubulin-
positive punctate neurons only in the presence of retinoic acid
360 C.C. Rossi et al. / Developmental Biology 314 (2008) 351–361(Sharpe and Goldstone, 2000). This suggests that neural tissue
needs additional signals from the environment for differentia-
tion to occur. In the context of our transplantation experiments,
these signals should be in position for proper neuronal
differentiation. However, with noggin or DN-BMPR over-
expression in donor neural tissue, RB sensory neurons do not
form in the transplantation experiments, suggesting BMP
signaling is cell autonomously required for their induction.
Because Noggin is diffusible, we expected that RB sensory
neurons would potentially form in embryos receiving Noggin-
injected neural plate transplants, but would appear at a greater
distance from the transplant than in embryos in which both
donor and host embryos were uninjected. Although we did not
observe this with our transplants, it is possible that RBs were in
fact induced further from the transplant site, but that the neurons
were sufficiently distant from one another that they were unable
to be distinguished from background staining.
Because both RB sensory neurons and neural crest cells form
at the neural plate border, many aspects of their development
have been compared. In addition to arising from the same
physical location within the embryo, they share many other key
similarities. Functionally, one neural crest derivative, the dorsal
root ganglia, performs a very similar role to that of RB sensory
neurons. Both RB sensory neurons and neurons of the dorsal
root ganglia innervate trunk skin and transduce mechanosen-
sory information. Molecularly, RB sensory neurons and neural
crest cells are known to respond to similar signals in their early
development. For example, the prdm1 zebrafish mutant has a
single gene mutation that causes an absence of RB sensory
neurons as wells as a severe reduction in trunk neural crest cells
(Artinger et al., 1999; Hernandez-Lagunas et al., 2005). Also, a
decrease in neurogenin-1 gene activity results in a decrease in
both RB sensory neurons and neural crest-derived dorsal root
ganglia (Cornell and Eisen, 2002; Ungos et al., 2003). The
induction of RB sensory neurons due to manipulation of BMP
signaling described here suggests that, like neural crest cells,
RB sensory neurons form in response to BMP activity in a
concentration-dependent manner in Xenopus, similar to pre-
vious findings in the zebrafish (Neave et al., 1997; Nguyen et
al., 1998).
Due to the numerous similarities between Rohon-Beard
sensory neurons and neural crest cells, the evolutionary and
lineage relationships between these cell types have long been
discussed. Cornell and Eisen (2000) suggest that RB sensory
neurons and neural crest cells form an equivalence group during
their early formation, and this hypothesis is supported by
evidence that in deadly seven/notch 1 zebrafish mutants, the
number of RB sensory neurons is decreased while neural crest-
derived dorsal root ganglia cells are increased (Cornell and
Eisen, 2000; Gray et al., 2001). In other mutants, RB neurons
increase while neural crest derivatives decrease (Schier et al.
1996; Jiang et al. 1996; Cornell and Eisen 2002; Itoh et al. 2003).
Current studies in our lab are examining whether these shared
requirements for certain transcription factors are due to a shared
lineage in these cell types or simply reflect a requirement for
certain conditions at the neural plate border to enable RB sensory
neurons and NCCs to independently become induced at thisregion. Preliminary data show that before the neural plate border
forms in zebrafish, RB sensory neurons and neural crest cells
arise from the same region in the embryo (Cortez and Artinger,
unpublished). Early experiments suggested that RB sensory
neurons are actually a derivative of the neural crest (described in
Le Douarin, 1982), whereas more recent speculations posit that
the neural crest derived from RB sensory neurons (Morikawa et
al., 2001). The evolutionary relationship between RB sensory
neurons and NCCs is still unknown, but clearly, these two cell
types share a growing list of similarities that should be
considered when examining novel data about either cell type.
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